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Particle irradiation is used to induce defects in high-temperature superconducting
Y1Ba2Cu3O7-x (YBCO) coated conductors, containing predominantly c-axis oriented barium
zirconate (BZO) nanorods as pre-existing vortex pinning defects. Samples are irradiated with
50.0 MeV Cu ions with doses of 2.5 x 1012, 2.0 x 1012, 1.5 x 1012, 1.0 x 1012, 0.75 x 1012, 0.5 x
1012, 0.05 x 1012 ions/cm2. The dose of 0.5 x 1012 ions/cm2 is found to be the optimal dose with
a moderate enhancement of critical current density (Jc) in high fields (>5 T) at 5 K, while
suppression of Jc is observed for other doses at all fields and temperatures. Post-irradiation
annealing at 150o C for 30 minutes in the oxygen atmosphere recovered not only the transition
temperature (Tc), which is expected, but also Jc, which was hugely suppressed by Cu irradiation.
Also, the incident angle of irradiation is implemented as a new parameter for optimizing vortex
pinning in the material. Samples are irradiated at angles of 0o, 15oand 30o from the
crystallographic c-axis. It is found that irradiation at 30o leads to a moderate enhancement of Jc
at 5 K in high fields (> 2 T). In contrast, Jc is suppressed for all temperatures and fields for other
angles of irradiation. Furthermore, Irradiation with 12.0 MeV oxygen with a dose of 1 x 1013
ions/cm2 is also carried out in YBCO single crystal and coated conductor. The enhancement in
the magnetization after oxygen irradiation at 5 K, 27 K, 45 K, and 77 K in YBCO single crystal in

low fields is observed. However, in the YBCO coated conductor, no significant enhancement is
seen.
The transport studies of the coated conductor bridge sample are also carried out. From
the angular dependence of resistance (R Vs. θ) graph, anisotropic peaks are observed, which
implies the presence of correlated pinning centers, which are not aligned with the main
crystallographic directions. Furthermore, 12.0 MeV oxygen irradiation with a dose of 1 x 1013 Oions/cm2 is carried out. The temperature dependence of the resistance (R Vs. T) showed kinks in
fields 1 T and 2 T after irradiation, implying the possible hopping of the vortices happened due
to a competition between irradiation-induced defects and pre-existing defects. Finally, Ic lines
obtained from I-V curves show a slight shift towards lower temperature, which suggests that 12.0
MeV oxygen irradiation at the dose of 1 x 1013 O-ions/cm2 suppresses the critical current in the
sample.
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CHAPTER 1
INTRODUCTION
1.1

Superconductivity
Superconductivity is a phenomenon in which the electrical resistance of a material

vanishes below a characteristic temperature, called the critical temperature, Tc. In 1911, H.
Kamerlingh Onnes discovered superconductivity while investigating the electrical properties of
metals under extremely cold temperatures. He found that Mercury's resistance suddenly
dropped to zero below 4.2 K [1]. Later, more metallic elements such as Indium, Tin, and Lead
showed superconductivity at 3.4 K, 3.7 K, and 7.2 K, respectively. Besides zero resistance, another
interesting characteristic of a superconductor was discovered in 1933 by Meissner and
Ochensenfield. They found that below Tc, the metallic superconductor completely expels the
applied magnetic field from its interior and behaves like a perfect diamagnet [2]. This effect is
known as the “Meissner effect.”
1.1.1 Types of superconductors
Based on behavior under applied magnetic field (H), superconductors can be categorized
into two groups, type I and type II. In a type I superconductor, there exists a characteristic
magnetic field called the critical magnetic field, Hc. For H < Hc, the applied magnetic field is
expelled entirely from a superconductor or is said to be in Meissner state (superconducting
state). The magnetization (M) increases as the magnetic field increases with the same magnitude
but in the opposite direction, M =-H. Above H > Hc, the applied magnetic field completely
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penetrates, and the material enters into a normal state. Some examples of type I
superconductors include metals such as Mercury, Aluminum, Tin, and Indium.
Moreover, for the type I superconductor, the critical field varies with temperature. It is
empirically found to be approximated by parabolic law [3], as given in equation 1.1.
T 2
Hc (T)= Hc (0) [1- ( ) ]
Tc

1.1

Where Hc (T) is a critical magnetic field at temperature T, Hc (0) is a critical magnetic field
at temperature absolute zero, T is temperature, and Tc is the critical temperature. The
magnetization curve and magnetic field-temperature (H-T) phase diagram of the type I
superconductor is shown in Figure 1.1.
(a)

(b)

Figure 1.1: (a) Magnetization curve and (b) H-T phase diagram of type I superconductor. H < Hc
is a Meissner state, and H > Hc is a normal state.
In type II superconductors, there exist lower and upper critical magnetic fields, Hc1 and
Hc2, respectively. For the region, H < Hc1, the behavior is similar to that of type I superconductors,
that is, it has perfect Meissner effect with M =-H, and material is in Meissner state. For the region,
2

Hc1 < H < Hc2, the magnetic field penetrates the superconductor in the form of vortices or flux
tubes, and M decreases. In this region, the superconductor is said to be in a mixed state because
non-superconducting vortices exist within the otherwise superconducting material. Each vortex
carries exactly one flux quantum, Φ0 . The value of Φ0 is given by equation 1.2.
Φ0 =

h
≈2.07 x 10-15 Tm2
2e

1.2

Where, h= Plank's constant, e = the charge of an electron. For H > Hc2, the material goes
into a normal state. The magnetization curve and H-T phase diagram for the type II
superconductor are shown in Figure 1.2.
(a)

(b)

Figure 1.2: (a) Magnetization curve and (b) H-T phase diagram of type II superconductor. For H
< Hc1, the sample is in the Meissner state exhibiting perfect diamagnetism; for Hc1 < H < Hc2, the
sample is in the mixed state; and for H > Hc2, the sample returns to the normal state.
Some examples of type II superconductors include metal alloys such as Niobium-Titanium,
Niobium-Tin as well as cuprate-perovskite ceramic materials such as Yttrium-Barium-CopperOxide (YBCO). YBCO superconductors samples are used in this dissertation project.
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1.1.2 Critical current density
As shown in Figure 1.3, for type II superconductors in a mixed state, a vortex is a normal
region surrounded by the circulating superconducting currents.

Figure 1.3: Structure of single vortex in type II superconductor, composed by a normal core of
radius equal to coherence length, ξ and surrounded by a circulating current up to penetration
depth, λ.
The core of a vortex has zero superconducting electrons. The coherence length, 𝜉,
represents the characteristic distance over which the density of superconducting electrons, n =
|Ψ|2 , also called order parameter, increases to its maximum value. Whereas, the magnetic field
at the core of a vortex has its maximum value and decays over a characteristic distance called
penetration depth, 𝜆.
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A vortex is affected by the magnetic field generated from the current encircling
neighboring vortices core. As a result, repulsive interaction exits between vortices. The repulsive
interaction between vortices results in regular arrangements of vortices called flux line lattice
(FLL)[4].
If an electrical transport current is passed through the superconductor, the Lorentz force
may result in the motion of the vortices, as shown in Figure 1.4, leading to energy dissipation and
electrical resistance [5].

Figure 1.4: Schematic illustration of Lorentz force acting on vortices. An applied transport
current generates a Lorentz force acting on vortices perpendicular to the current direction.
Within a real type II superconductor, there exist defects in the form of impurities and
crystalline defects. These defects are non-superconducting, and a moving vortex can minimize its
energy at the defect site, thus trapping it down. This phenomenon of trapping of the vortex is
known as vortex pinning. Vortex remains trapped on the defect or pinning sites as long as the
pinning force is greater than the Lorentz force or thermal fluctuations.

5

In the presence of transport current density J, the Lorentz force per unit volume, FL, which
acts on vortices, can be expressed as.
FL = J x B

1.3

Where B=magnetic flux density. If the pinning force, Fp, is equal to the FL, the current
density at that condition is called critical current density, Jc. It is the maximum value of current
density that a material can sustain before the vortices are set into motion. As shown in equation
1.4, for fixed temperature and magnetic field, the stronger the pinning force, the larger is the Jc.
Jc =

Fp
B

1.4

1.1.3 Critical state model
For a type-II superconductor in the mixed state, with an applied field, the vortices are
present initially near the edges of the material. The motion of vortices is obstructed by the
pinning centers. As the applied field is increased, the vortices gradually fill up the interior of the
material, creating a density gradient of magnetic vortices that forces the vortices to move. If the
force due to the magnetic gradient equals the pinning force, the material is said to be in a critical
state. The critical state model (CSM) assumes that the value of the magnetic gradient is equal to
the critical current density. Bean model [6], [7] is the simplest form of CSM, which assumes that
the critical current density is either 0 or ±Jc. Without vortex pinning, Jc= 0 because vortices are
free to move. At H=Hp, penetration field, vortices reach the center of the sample, and a further
increase in the field, flux continues to penetrate. However, the value of magnetic profile B(r) such
that the gradient remains the same, which means the current density is still Jc. Figure 1.5 shows
6

the magnetic profile and corresponding current density within the material with an applied
magnetic field.

Figure 1.5: Magnetic profile (a) and corresponding current density (b), for fields 0, Hp/2, Hp, and
2Hp applied parallel to the surface of a slab of thickness r.
The Bean Critical state model is used to calculate the critical current density. For a diskshaped sample with an average diameter d, the following relation can estimate the critical
current density from the M-H hysteresis loop given by equation 1.5 [8], [9]:
Jc =30

ΔM
d

1.5

Where 𝛥𝑀 is the vertical width of the magnetization branches with descending and
ascending magnetic field H, as shown in Figure 1.6, the area of the M-H loop tells us the vortex

7

pinning strength of a superconductor. A bigger area means stronger flux pinning in the
superconducting material.

M

DM
H

Figure 1.6: M-H hysteresis loop of type II superconductor showing the vertical width 𝛥𝑀 of the
magnetization branches.
When a superconductor is magnetized in a magnetic field, there is a shielding current that
generates a magnetic moment. Magnetic moments can be measured by using a superconducting
quantum interference device (SQUID) or vibrating sample magnetometer (VSM), which are
described in detail in chapter 2. Above equation 1.5 for critical current density in terms of
magnetic moment can be written as
𝐽𝑐 = 15

𝛥𝑚
𝜋𝑅 3 𝑡

8

1.6

Where ∆m is the difference of magnetic moments between the top and bottom branches
of the hysteresis loop, and R and t are the radius and the thickness of the sample, respectively,
as shown in Figure 1.7.

Figure 1.7: A disc-shaped sample with R and t being radius and thickness, respectively.
1.2

High-temperature superconductor (HTS)
High-temperature superconductor (HTS) has much higher Tc as compared to the

conventional superconductors. In 1986, Bednorz and Müller reported superconductivity in a LaBa-Cu-O system with a transition temperature of ≈ 30K [10]. These compounds are commonly
known as cuprates. Before that, the highest known transition temperature was 23K for Nb 3Ge
[11]. In 1987, technologically important YBCO was discovered with Tc ≈ 93K [12]. This discovery
brought huge excitement to the researcher, the high Tc of YBCO, which enables the use of a lot
less expensive liquid Nitrogen instead of expensive liquid helium for cooling.
1.2.1 Irreversibility field (Hirr) line in HTS
The important feature of the H-T phase diagram of HTS is the irreversibility field line, Hirr,
shown in Figure 1.8. The irreversibility field line does not correspond to the transition from
normal to superconducting state and is not a phase transition line. It corresponds to a
transformation of the vortex lattice from vortex glass to vortex liquid state. For a given
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temperature, for fields below Hirr, the vortices are pinned, and for fields above, vortices move
freely, i.e., the vortex lattice melts.

Figure 1.8: H-T phase diagram in HTS showing irreversibility field Hirr line. For H < Hirr, the
sample is in vortex glass state, and for H > Hirr, the sample is in vortex liquid state.
Hirr of HTS plays a similar role to that of the high critical field in conventional type-II
superconductors. The temperature dependence of the irreversibility field can be described by
the equation 1.7[13], [14].
𝐻𝑖𝑟𝑟 = 𝐻𝑖𝑟𝑟0 (1 −

𝑇 𝑛
)
𝑇𝑐0

1.7

Where Hirr0 is the irreversibility field at 0 K, Tc0 is the critical temperature at zero magnetic
fields, and n is the exponent, which depends on vortex properties. It has a theoretical value of n
=1.5 for YBCO [15].
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At low temperatures, the vortices are essentially frozen. As the temperature rises,
thermal fluctuation strongly reduces the pinning strength [16]. If the vortex fluctuations are
sufficiently large, the vortex lattice will undergo a melting transition into a vortex-liquid phase. A
vortex liquid state is located between the vortex solid and then the normal state [17], [18]. The
irreversibility line has a major consequence for applications of HTS at a given operating
temperature because it limits the applied field at which the material can sustain a zero-resistance
state [19].
1.2.2 Current-voltage (I-V) characteristic of HTS
Current-voltage (I-V) characteristics of HTS are described by the form given by equation
1.8 [20]–[22].
V
I n
=( )
Vc
Ic

1.8

Where Vc is the voltage criterion, and Ic is critical current, and n is the exponent in which
value is directly proportional to the pinning energy [22]. The critical current is defined by the
voltage criterion. A typical I-V curve of HTS is shown in Figure 1.9.
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Voltage (V)

Vc
Ic

Current (I)

Figure 1.9: Current-voltage (I-V) characteristic for a high-temperature superconductor
illustrating critical current, Ic, determined by voltage criterion Vc.
The I-V characteristics can describe the vortex phase of the matter. In the vortex-liquid
phase, the relationship between V and I is linear, as in Ohm’s law. However, in the vortex- solid
phase, the relationship between V and I is nonlinear. Values of n and Ic contain information about
the vortex pinning characteristic in the material.
1.2.3 YBCO structure
In YBa2Cu3O7-x, x refers to oxygen deficiency. The value of x governs not only the structure
but also the superconducting behavior of the cuprate. For example, when x = 1, cuprate has
tetragonal structure with a =b= 3.87 Å and c = 11.77 Å, and material is non-superconducting. But,
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when x < 0.65, the structure is changed to orthorhombic with a = 3.82 Å, b = 3.89 Å, and c = 11.68
Å and becomes superconducting [23]. The basic structure of YBCO is shown in Figure 1.9. It is
considered that rare earth (Y) and other oxides layers of O-Ba-O and Cu-O act as a charge
reservoir and separates CuO- planes where superconducting charge carriers arise [24]. The
charge transfer between CuO-planes and CuO-chain layer governs the superconducting behavior
of the material [25].
YBCO superconductor is anisotropic due to the layered crystalline structure [26]. The
characteristic lengths such as coherence length 𝜉 and penetration depth  depend on the applied
magnetic field orientation relative to the crystallographic axis of the YBCO. When a vortex is
perpendicular to CuO planes or ab-plane, H || c-axis, the characteristic lengths are defined as 𝜉𝑎𝑏
and 𝜆𝑎𝑏 . While characteristic lengths are defined as 𝜉𝑐 and 𝜆𝑐 when the vortex core is parallel to
ab-plane, H ||ab. For YBCO at T=0K, 𝜉𝑎𝑏 (H||C) = 1.6 nm and 𝜉𝑐 (H||ab) = 0.24 nm [27], which
means that along ab plane conductivity is much higher. Therefore in YBCO, this anisotropy is
responsible for the angular dependence of critical current density with the applied magnetic field
[28].
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(a)

(b)

Tetragonal
Orthorhombic
Figure 1.10: Structure of (a) tetragonal non-superconducting YBaCu3O6 and (b) orthorhombic
superconducting YBaCu3O7 [29].
1.2.4 YBCO coated conductors
Coated conductors (CCs) are made by growing epitaxial superconducting films on a
flexible metallic substrate. They differ in the substrate material, substrate treatment,
composition of buffer layers, and superconductor deposition methods [30]. The most common
techniques

are

rolling-assisted

biaxially-textured

substrates/metal-organic

deposition

(RABiTs/MOD) and Ion beam assisted deposition/metal chemical vapor deposition
(IBAD/MOCVD). In 1992 HTS thin films were successfully grown using the IBAD process. In which
YBCO was deposited on the yttria-stabilized zirconia (YSZ) buffer layer [31]. The samples used in
this research, described in detail in Chapter 3, are YBCO coated conductors manufactured by
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SuperPower Inc. using IBAD/MOCVD method. This method involves four steps; first, smooth and
clean Hastelloy-based substrate is achieved by Electropolishing; second, ion beam assisted
deposition (IBAD) of buffer layers is done that act as a template layer to introduce the texture for
the superconducting material, third, YBCO is deposited on top of textured buffer layer using
metal-organic chemical vapor deposition(MOCVD), and fourth, a silver layer is added on top to
provide stability and electrical contact using the sputtering method. Depending on the
application, the copper stabilizer is added on top of all[32].

1.3

Defects in HTS for vortex pinning
Defects in superconductors can be divided into two groups: intrinsic and extrinsic defects.

Usually, intrinsic defects in YBCO includes oxygen vacancies [33], [34], cation disorder[35], [36],
dislocations [37], antiphase boundaries [38], and stacking faults [39], [40]. YBCO has a large
number of dislocations that act as strong pinning centers resulting in the high value of Jc [37].
However, defects can also be introduced within the YBCO during the synthesis process or postsynthesis by ion beam radiation. These defects are referred to as extrinsic or artificial. During
synthesis, defects can be introduced within YBCO by creating growth conditions such that nonsuperconducting precipitates of various shapes and sizes appear [41], [42].
Vortex pinning depends on the types, shapes, and distribution of the defects. Defects can
be zero-dimensional (0-D) (atomic defects), one-dimensional (1-D) (such as dislocations and
columnar defect), two dimensional (2-D) (like grain boundaries and stacking faults), and threedimensional (3-D), like the presence of non- superconducting nanoparticles or nanorods [41].
Coated conductors used in this research are supplied by Superpower Inc. These YBCO conductors

15

contain 3D defects as BaZrO3(BZO) nanorods. BZO nanorods are mostly oriented along the c-axis
of the YBCO structure [43]–[48]. These nanorods incorporated into YBCO coated conductors have
been found to enhance Jc substantially [49].
Defects can also be classified as isotropic and anisotropic. Extended linear or planar
defects are known as correlated or anisotropic defects. For such defects, the vortex pinning
depends on the orientation of defects with respect to the applied magnetic field. The strongest
pinning occurs if the magnetic field is aligned parallel to the defect orientation. On the other
hand, for isotropic pinning centers, pinning strength does not depend on the orientation of the
applied magnetic field. The geometry of BZO nanorods makes them anisotropic. They act as
strong pinning sites when their orientation is aligned with the applied magnetic field along the caxis.

1.4

Particle-irradiation-induced defects for vortex pinning
When a projectile particle interacts with the target, projectile energy is transformed to

the target atoms. This energy that the target atoms get is called recoil energy, which defines the
damage creation [50]–[53]. If the recoil energy exceeds the binding energy of the atom on the
lattice site, the atom will be displaced and will create a vacancy. This is called a binary collision.
The high energy of the projectile can also result in the recoil of the atom that further displaces
atom from neighboring sites resulting in collision cascades. High recoil energy in dense target
material causes overlapping collisions, which can increase the temperature of the region, known
as thermal spike [54]–[57]. In some regions, strong repulsive interaction among ionized target
atoms results in a Coulomb explosion, which also can cause displacements. Based on the mass
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and energy of the projectile and the properties of the target material, irradiation tracks can be
created due to the Coulomb explosion and thermal spikes [57], [58]. Irradiation with light ions
generally produces point defects. Irradiation with heavy ions such as Pb, Au, Xe, U, etc. can
produce extended defects [59].
Irradiation with light and heavy ions have been used to enhance vortex pinning in YBCO.
For example, neutron irradiation with energy E >0.1 MeV, on a YBCO single crystal up to a dose
of 8.16 x 1017 n/cm2 showed enhancement of critical current [60]. In another study of flux pinning
after 3-MeV protons irradiation in YBCO crystals [61], an increase in the critical current density
with doses up to 2 x 105 p/cm2 was observed. After irradiation with much heavier ions, like 5.3
GeV Pb ions [62], a substantial enhancement of critical current density was observed with the
dose of 7 x 109 ions/cm2. To compare the influence of different ions, YBCO thin films were
irradiated with 25-MeV oxygen ions, 230-MeV nickel ions, and 1-GeV lead ions[63]. The
irradiation with

16O

produced point-defect cascades mainly perpendicular to the path of the

projectile, whereas the irradiation, with

58Ni

ions, created spherical regions of amorphized

material along the beam path, and the irradiation with 208Pb ions created columnar tracks along
the path of the beam. Oxygen and nickel irradiation enhanced the critical current density by a
factor of 2. In comparison, lead irradiation enhanced the critical current density up to a factor of
5.
Particle irradiation has also been used in coated conductors. It has been demonstrated
that the in-field Jc of coated conductors can be doubled at the temperature of 27 K with the
applied field of 3 Tesla parallel to the c-axis, using irradiation with 4 MeV protons with a dose of
around 15 x 1016 p cm-2 [64]. One drawback of proton irradiation is that it requires long irradiation
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times, which is not desirable for industrial-scale production. However, irradiation with oxygen
3.5 MeV O3+ ions, the in-field Jc at field 6 Tesla parallel to c-axis at temperature 27K could be
doubled in a fraction of a second, demonstrating the feasibility for industrial reel-to-reel postprocessing [65]. Also, a twofold increase in the critical current density in 80 m long coated
conductor tape was observed by 18 MeV Au- ions irradiation with a fast irradiation speed of
about 0.3 cm/s. The optimal dose was 6 x 1011 ions/cm2, which showed enhancements at
temperature <50 K and field > 1 T [66].

1.5

The motivation of the research work
YBCO is among the most commonly investigated high-temperature superconducting

material because of its high current density, high magnetic field tolerance [67]. YBCO coated
conductors are processed with different techniques to have inherent defects that further
increases the current carrying capacity. However, rapid suppression of the loss-less current in the
applied magnetic field and high anisotropy pose challenges for the industrial use of YBCO coated
conductors [68]. Most of the applications of superconductors require high Jc. As an example, for
application in power grids, motors, and magnets, the high-temperature coated conductors are
expected to have high and uniform Jc [30], [69]. Therefore, increasing Jc value becomes one of
the most important research in the field of superconductors. Using particle irradiation, the
density of the defects can be controlled by the dose, and the morphology of the defects can be
controlled by the mass and energy of the projectile particle, therefore, creating a mixed
landscape of defects that offers strong pinning sites for vortices.
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Compared to light ions such as neutrons and protons, heavier ions, like O and Cu, can
create more defects in a material. Defects creation in a material can be simulated using SRIM
(stopping power and range of ions in the matter)/TRIM (transport of loss in the matter) [70]. For
this research project, we use O and Cu ions to create defects in the existing defects landscape to
enhance the Jc. Defect simulation for these ions is described in more detail in Chapter 2. Following
the evidence of critical current density enhancement in coated conductors using proton [64] and
oxygen [65] irradiation, copper appears to be a good candidate because it produces 5 times more
defects than oxygen. It has been found that low dose (2 x 1010 ions/cm2 and 6 x 1010 ions/cm2) of
heavy ions, 107 MeV 84Kr17+ ions, can increase the critical current without lowering the transition
temperature[71]. Since Cu is much heavier than protons, investigations of the effect of Cu
irradiation in low doses on the transition temperature becomes interesting.
A disadvantage of particle irradiation in superconductors is the strong Tc suppression
likely caused by irradiation-induced point defects since these defects are effective electron
scattering sites. However, post-irradiation annealing of YBCO [72] to relax point defects, whereas
nm-sized cascade defects remain, resulting in the recovery of Tc and, at the same time, enhanced
critical currents [73]. In this research work, the combination of copper irradiation and postirradiation annealing in an oxygen atmosphere to achieve higher Jc, by keeping Tc at reasonably
high is explored.
Coated conductor manufactured by Superpower Inc. has defects in the form of BZO
nanorods, mostly oriented along the c-axis. Such orientation results in strong vortex pinning
along the c-axis hence field-angle dependence of Jc. Such angular dependence of Jc can cause
complications in the applications such as motors and generators where the magnetic field
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orientation with respect to the windings are continuously changing. A way to smooth out angular
dependence could be to superimpose the pinning of linear defects oriented at another angle [68].
In this research work, the effect of off-angle,15o, and 30o, relative to the c-axis copper irradiation
in YBCO coated conductor with BZO as pre-existing defects, is explored as well.
Single crystal samples have low initial pinning compared to coated conductors, which
have high pinning due to defects such as BZO, incorporated at the manufacturing process.
Irradiation of single-crystal generally yields substantial enhancement of Jc for a wide range of
applied magnetic field and temperature. However, with irradiation in the coated conductor,
which already contains strong pinning sites, enhancement might or might not happen [68]. The
effect of irradiation on a single crystal provides a baseline that allows for the comparison with
the expected pinning in coated conductors. In this research work, a comparison of the effect of
oxygen irradiation in homegrown YBCO single crystal and YBCO coated conductor with BZO
nanorods is carried out as well.
In HTS, the resistive transition from the normal to superconducting state is broad, unlike
conventional low-temperature superconductors, which have sharp resistive transition[14]. This
is because of the presence of a vortex liquid state. Mobility of vortices when they are in vortex
liquid state produces a voltage drop across the material, which is easily seen in the electrotransport measurements. From electro-transport measurements such as resistance vs.
temperature curves and I-V curves, important information about the vortex pinning can be
obtained. The irreversibility field line can be determined from the resistance vs. temperature
curve. The anisotropy in the HTS can be obtained from the irreversibility fields, 𝛾 =

𝐻𝑖𝑟𝑟 ||𝑎𝑏
𝐻𝑖𝑟𝑟 ||𝑐

[3],

[14]. Where Hirr || ab and Hirr || c is irreversibility fields when the magnetic field is applied parallel
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to the ab-plane and c-axis, respectively. In this research work, the anisotropy and pinning
mechanism in YBCO coated conductor with BZO nanorods from resistance vs. temperature curves
and I-V curves are studied as well. Furthermore, the study of the effect of O irradiation on
resistance and critical current is also carried out.

1.6

Thesis outline
Chapter 1 provides an introduction to the phenomena of superconductivity and the basic

properties of high-temperature superconductors, which is the focus of our research. It also
includes a review of previous work performed in the area of vortex pinning both by intrinsic and
extrinsic defects in YBCO material. It highlights the particle irradiation method to optimize the
vortex pinning in high-temperature superconductors to enhance the critical current density.
Chapter 2 and Chapter 3 give a brief overview of the experimental techniques and the
sample preparation process for this research work.
From Chapter 4 to Chapter 7, different studies done in this project are detailed. In Chapter
4, an experimental result of the particle irradiation on the YBCO coated conductor and effects of
post-irradiation annealing in an oxygen atmosphere is discussed. In chapter 5, experimental
results of particle irradiation on YBCO coated conductor at different angles of irradiation are
carried and analyzed. Particularly, the focus is given to the effects of irradiation incident angle on
critical current density. In Chapter 6, the experimental result of the effects of particle irradiation
on YBCO single crystal and the comparison is made with the results for particle irradiated YBCO
coated conductor. Chapter 7 gives the experimental result and conclusions of electron-transport
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measurement such as resistance, voltage-current (I-V) curves of unirradiated and irradiated YBCO
coated conductor.
Finally, in chapter 8, future work and a summary of the projects, and broad conclusions
are presented.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
The experimental section of this dissertation involves Rutherford backscattering
spectrometry, SRIM simulations, ion beam irradiation, annealing, magnetization, and transport
measurements. Magnetization and transport measurements are performed using SQUID at
Argonne National Laboratory (ANL) and PPMS at Western Michigan University (WMU). In this
project, Rutherford Backscattering Spectrometry (RBS) is used to determine the thickness of the
silver layer on top of the coated conductor. The calculated thickness of the silver layer is used in
SRIM simulations to obtain the energy range of the ion and the number of defects in coated
conductor samples. Samples are irradiated using a WMU’s 6.0 MV Van De Graaff tandem particle
accelerator, and the effect of irradiation-induced defects are studied.

2.1

Rutherford Backscattering Spectrometry (RBS)
RBS is a widely used technique used to study the near-surface region of the materials. It

is a non-destructive method to obtain the elemental concentration of elements present in a
material. The elements within the region can be depth profiled as well. In RBS, the ion beam
bombards the target material, and the backscattered ions are collected using surface barrier Si
detectors. The energy axis of the plot is calibrated with known energy from a radioactive source
or the energy of the incident ion coming from the accelerator.
The relationship between the energy of incident ion, E0, and scattered ion E1 is given by
equation 3.1
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𝐸1 =K𝐸0

3.1

Where K is the kinematic factor given by equation 3.2.
2

𝑀12

𝑀2
K=
{cos(𝜃) ± √[( ) − sin2 (𝜃)]}
2
(𝑀1 + 𝑀2 )
𝑀1

2

3.2

Where M1 and M2 are the masses of the incident ion and target atoms, respectively, in
equation 3.2, when the target atom is heavier than the incident ion, a “+” sign is used and if the
ion is heavier than the target atom, a “- “sign is used. The higher the mass difference between
the masses of the incident and target atoms, the higher the energy resolution. Also, if the mass
difference between the constituent elements of the target sample is high, there is a clear
separation between the edges seen in the RBS spectrum.
The scattering geometry used for RBS could be IBM, where the incident and scattered
beams, as well as the normal to the sample surface, are all in the same plane, as shown in Figure
2.1. [74]. Cornell geometry is when the Incident, scattered beams, and surface normal of the
sample are not on the same plane. For this project, IBM configuration is used. The relationship
between the incident  (angle between the surface normal and incident beam), exit  (angle
between the surface normal and the scattered beam), and scattering angles,  , is given below.
𝛼+β+θ=1800
After the incident beam hits the target surface, the scattered beam goes in all directions.
For our project, the 2.0 MeV H+ ion beam was used, and a solid-state detector is placed at a
scattering angle of 1500, and the incident and exit angles where 0o and 30o, respectively. A
preamplifier is placed outside the chamber, but close to the detector that amplifies the signal
and converts the energy-dependent current pulse into the energy-dependent voltage pulse. The
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voltage pulse is further amplified by a spectroscopy amplifier, and finally, before feeding into
Multichannel Analyzer (MCA), an analog signal is converted to digital by Analog to Digital
Converter (ADC).

Figure 2.1: The geometry of the RBS experiment showing the incident (α ), exit (β ), and
scattering (θ ) angles.
The analysis of the RBS data is carried out using "SIMNRA," an ion beam analyzing
software [75]. RBS is used to find the thickness of the silver layer on the coated conductor. Using
SIMNRA, we can find N, the detected silver atoms per cm2. From that, the thickness, d, of the
silver layer can be calculated.
𝑁. 𝐴 = 𝑁𝐴 . 𝜌.

𝑑 = 𝑁.

𝐴. 𝑑
𝑚

𝑚
𝑁𝐴 . 𝜌
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Where

and

= 10.49 g/cm3 and m=107.87 g/mole are the density and molar mass of silver

=6.022 x 1023 atoms/mole is Avogadro’s number.
RBS spectrum of YBCO coated conductor obtained using 2 MeV H+ ion beam at scattering

angle 150o is shown in Figure 2.2. Using SIMNRA, the RBS spectrum is fitted with the simulated
data. Red dots represent the experimental data, which then was tried to fit with the simulated
data, which is represented by a blue line. The black line with black dots represents the silver layer
of the coated conductor. After fitting the experimental data with the simulated data, parameter
N, which represents the detected silver atoms per cm2, can be found for the silver layer. For the
given RBS spectrum, N is found to be 6000 x 1015 atoms/cm2 for the silver layer. Using parameter
N, the thickness of the silver layer is calculated, as shown below.

𝑑 = 6000 . 1015 .

107.87
6.02 x 1023 x 10.49

𝑑 ∼ 1 𝜇𝑚
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Figure 2.2: RBS spectrum of superpower tape with 2 MeV protons at 150 0. The redline is
showing experimental data, the blue line represents simulated spectral, and the black line
represents the silver layer in the of the sample.
2.2

SRIM simulations
SRIM software is used to find the vacancies produced per ion per unit depth of the YBCO

layer in the sample. The SRIM (Stopping power and range of ions in Matter) [70] is a commonly
used program for simulating energetic ions interaction with the solid targets. The SRIM
simulations treat the ion interaction with the target atom as binary collision approximation. SRIM
simulation can be used for a range of ions and target damage calculations. Depending on the
temperature, the damage caused by incident ion interaction can relax. This happens when lattice
atoms have enough energy to diffuse and get back to its original lattice site. This process is called
“self-annealing.” In general, metals self-anneal faster, and insulators slower than the semiconductor. In SRIM calculations, thermal effects are ignored, and the surrounding temperature
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is taken at 0o K [76]. If the target atom upon ion bombardment leaves the target volume, SRIM
also ignores this effect. [77].
SRIM simulations for our project are carried out for copper and oxygen ion irradiation of
YBCO.
The vacancies per ion created by the incident copper ion in YBCO coated conductor are
estimated using SRIM simulations. Figure 2.3 shows the vacancies created with incident energies
25 MeV, 30 MeV, 35 MeV, 40 MeV, 45 MeV, 50 MeV and 55 MeV.
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Figure 2.3: Vacancies /(Ang-ion) for copper ions at different energies from 25 MeV (top line) to
55 MeV ( bottom). Vacancies are more uniform as the energy of irradiation is increased.
From Figure 2.3, it can be seen that copper ions with the above-mentioned incident
energies will pass through the YBCO layer of the coated-conductor and will stop into the
substrate. However, the calculations show that 55 MeV copper ion irradiation results in a
relatively uniform defect (vacancy) density in the YBCO layer. Copper ions with 50 MeV, instead
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of 55 MeV, is chosen for irradiation because the high voltage terminal of the accelerator was
stable at this energy.
The defect density was integrated over the depth of the YBCO layer to find the total
number of defects. The area under the curve gives the total number of defects, which can be
calculated using the Origin Lab graphing tool [78].
Figure 2.4 shows the vacancies created by oxygen ions within YBCO of a coated-conductor
with energies 2 MeV, 3 MeV, 5 MeV, 7MeV, 9 MeV, 11 MeV, 13 MeV, and 15 MeV. For energies
higher than 7 MeV, most of the beam will pass through the YBCO layer and stop into the
substrate.
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Figure 2.4: SRIM simulations for oxygen irradiation in the coated conductor at different
energies from 2 MeV to 15 MeV.

The calculations show that 11 MeV and higher oxygen ion irradiation results in a uniform
defect (vacancy) density in the YBCO layer compared to the other irradiations. SRIM simulations
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are also carried out for oxygen irradiation on YBCO single crystal at different energies, as shown
in Figure 2.5. Because of the higher thickness of single crystal YBCO, the Bragg peak occurs within
YBCO.
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Figure 2.5: SRIM simulation for oxygen irradiation in YBCO single crystals at different energies
from 3 MeV to 15 MeV.
2.3

Superconducting Quantum Interference Device (SQUID) magnetometer
SQUID device uses the principle of Josephson Junctions [79]. The SQUID sensor comprises

a superconducting ring with one or two thin insulating layers, creating weak links to form parallel
Josephson junctions. Under the application of steady bias current in the SQUID, the measured
voltage will oscillate with the changes of phase in the two junctions. This phase change gives the
measure of the change in magnetic flux. Measurement is carried out by superconducting
detection coils. As the sample moves through the detection coils, a current in the coils is induced
by the magnetic moment of the sample. Hence the corresponding variation in the SQUID output
voltage is produced, which defines the magnetic moment of the sample. In a fully calibrated
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system, SQUID provides a highly accurate measurement of the sample's magnetic moment [80].
The sensitivity of the SQUID is associated with measuring changes in the magnetic field
associated with the one flux quantum,𝛷0 = 2.07.10−15 Tm2.

Figure 2.6: Process of centering the sample in the SQUID magnetometer.
SQUID allows measuring the magnetization in an automated sequence by sweeping
through a series of fields or temperature. Before starting the measurement, the sample needs to
be centered with respect to the detection coils. The change in the sample’s position causes a
change in the flux within the detection coil. The voltage of the SQUID will have a maximum value
when the sample is at the center, as shown in Figure 2.6. To avoid the stray signals from the
surrounding magnetic field, the pickup coil consists of loops running in opposite directions. The
magnetic field produced by the external field at a large distance will cause equal, and opposite
currents in the loops, and no resulting signal will be recorded by the SQUID.
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In this study, some samples are characterized before and after irradiation in SQUIDMagnetometer (MPMS2, Quantum Design). Magnetization hysteresis and Tc curves at
temperatures 5K, 27K, 45K, and 77K are recorded. The sample is inserted into a small slit in the
center of a plastic straw. This straw is attached to the sample rod and inserted into the SQUIDMagnetometer. Once the measurement system is stable at the desired temperature, the
magnetic moment is recorded for different magnetic fields. In the device used, the magnetic field
range from 0 T to +7 T, then from +7 T to -7 T and finally from -7 T to +1 T to complete the
hysteresis loop.

2.4

Physical Properties Measurement System (PPMS)
PPMS is the low-temperature and magnet system with which the properties of materials

such as specific heat, AC, and DC susceptibility and electrical transport properties can be
measured. The PPMS consists of a cryostat with a superconducting magnet coil. For
measurement options, different measurement inserts or sample holders are used, which is
activated by pulling up the corresponding software mode for the desired measurement [81]. For
this project, PPMS at Western Michigan University is used for DC magnetization and Electro
transport measurements.
The DC magnetization measurements are carried out using the ACMS II option of the
PPMS. The basic principle of the DC Magnetization measurement using PPMS is that a changing
magnetic flux due to a vibrating sample induces a voltage in the pickup coils. Induced voltage
gives the strength of the magnetic moment of a sample. ACMS II uses a touchdown technique for
the centering of the sample automatically. A sample-mounting station is used to measure the
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distance from the center of the sample to the bottom of the sample holder, and this distance is
called the sample offset. It is recommended to locate the sample with a sample offset of 25 mm,
as shown in Figure 2.7.

Figure 2.7: Schematic of the sample-mounting station used to locate the position of the sample.
Transport measurements in this study are carried out using a horizontal rotator probe of
PPMS. The rotator option allows sample rotations around an axis that is perpendicular to the
magnetic field of the longitudinal PPMS magnet. The range of the rotator is -10o to 370o. The
sample (YBCO coated conductor -bridge) is mounted on a sample holder board, as shown in
Figure 2.8. Electrical connections to the mounted sample are made through contact pads on the
sample holder board by attaching leads to these pads by silver paint.
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Figure 2.8: Bridge sample holder(left) board with two samples mounted for four-wire
measurements. Rotator sample holder (right) in PPMS.
2.5

Ion beam irradiation
6-MV model EN tandem Van de Graaff accelerator at WMU is used for ion beam

irradiation. In a tandem accelerator, the terminal is charged to a positive potential. So, a
negatively charged beam is provided by the ion source. The ion source used in the WMU
accelerator facility is a Source of Negative Ions by Cesium Sputtering (SNICS). The SNICS produces
negative ions from a solid cathode by bombarding it with Cs+ ions, as shown in Figure 2.9.
SNICS has a cesium oven, which is kept at a high temperature, generally at 140oC - 150oC,
to produce the Cs vapors. Some Cs vapor condenses on the water-cooled cathode, and some are
ionized by the ionizer. The ionized Cs then get accelerated towards and sputters atoms out of the
cathode. The sputtered atoms pick up electrons while passing through the condensed layer of
Cs; as a result, a negative ion is produced. The extractor pulls the ions from the ion source
towards the accelerator.
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Figure 2.9: Schematic diagram of SNICS showing the position of the cathode, cesium oven,
ionizer, and extractor[82].
A tandem van de Graaff accelerator at WMU is used to accelerate the ions generated in
the SNICS ion source. The accelerator at WMU has tow chains that transport charge to a high
voltage terminal. The negatively charged ions produced by the negative ion source are
accelerated from the ground to the positive potential placed at the center of the accelerator. In
the center, the negative ions are stripped of electrons by passing through oxygen gas to become
positive ions. The positive ions are further accelerated as they move from the positive potential
at the terminal to the ground. In this way, the energy of an ion beam is doubled for any given
terminal voltage [82]. A schematic diagram of an accelerator is shown in Figure 2.10.
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Figure 2.10: Schematic diagram of Van de Graaff accelerator at Western Michigan University.
After being accelerated, particles will enter the 90o analyzing magnet. When a charged
particle enters a uniform magnetic field, it follows a circular path. The radius of the circle depends
on the charge to mass ratio of the particle. The analyzing magnet has a fixed radius of the
curvature, and only the beam of interest is allowed to exit the magnet. All the other beams will
collide with the walls and never reach the target, as shown in Figure 2.11. After analyzing the
magnet, a beam is sent to a target chamber for the experiment.
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Figure 2.11: Beam path from the accelerator to the target room through analyzing the magnet
where the beam is analyzed by the NMR probe.
2.6

Annealing
Annealing of samples is performed using the setup, as shown in Figure 2.12. Samples are

put in a programmable tube furnace through which oxygen is passed. The oxygen flow is
monitored by the bubbles in a beaker.

Figure 2.12: Annealing setup showing programmable tube furnace where the samples are
placed, and constant flow of oxygen is maintained by counting the water bubbles in the beaker.
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For post-irradiation annealing, the furnace is programmed by adopting the heating
profile, as shown in Figure 2.13. For annealing furnace was ramped up to 1500 at 200/min, dwell
time of 30 minutes was, and then cooled down at 250/min.

Figure 2.13: Post-irradiation annealing scheme in which temperature is ramped up to 150o C at
the rate of 20o C/min for almost a week and then cooling down at the rate of 25 oC/min to room
temperature.
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CHAPTER 3
SAMPLE PREPARATION
In this dissertation project, two types of samples are used. 1) commercially available YBCO
coated conductor tape, manufactured by SuperPower Inc., as shown in Figure 3.1, and 2) a
homegrown YBCO single crystal. The SuperPower Inc, YBCO coated conductor, is a multilayer
sample having nanorods BaZrO3 (BZO) in the YBCO layer. These nanorods act as pre-existing
defects that offer pinning sites for the vortices. The original sample had 2 µm thick Cu as a surface
layer, followed by ∼2 µm silver and 1 µm YBCO layers. The combination is supported by buffer
layers and thick substrate. For our experiments, samples without Cu stabilizer is obtained, and
silver becomes the top layer.

Figure 3.1: YBCO coated conductor manufactured by superpower Inc. which has different buffer
layers and about 1µm thick YBCO layer protected by a silver layer and copper stabilizer[94].
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3.1

Preparing samples from YBCO coated conductor
Circular samples and bridges are patterned using Argon ion milling at the Argonne

National Laboratory (ANL). As shown in Figure 3.2. samples of different shapes can be patterned
using the ion milling setup. To make the desired shape, a mask is placed on the sample’s surface.
For example, to make a circular shaped sample, the mask should also be circular. Likewise, for a
bridge (for transport measurements), the mask in the shape of a wire can be used. Positive Argon
ions are neutralized using neutralizer filament, and then the neutralized ion beam sputters out
unmasked material from the sample. The sputtering rate depends on the material as well as the
angle of the inclination of the sample holder.

Figure 3.2: Ar ion milling setup to pattern different shaped samples showing Ar ion source,
neutralizer filament and sample holder.

The patterned circular sample and bridge look like the picture shown in Figure 3.3. The
circular sample has approximately a diameter of 1.5 mm, and a bridge has approximately 160 µm
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width. To prepare a bridge, a 180 µm Niobium wire is used as a mask, and Argon ion-milling is
done until the silver and YBCO layers are sputtered out, except the material masked by the
Niobium wire. As a result, a bridge is formed.
(a)

(b)

Figure 3.3: Argon ion milled YBCO coated conductor (a) circular sample with an approximated
diameter of 1.5 mm and (b) bridge with approximated with 160 µm.
The bridges were prepared for transport measurements to obtain I-V curves using the
four-probe method, as shown in Figure 3.4 (a). Gold wires are then placed on the bridge using
silver epoxy that was cured for 30 minutes at 60o C. The gold wires act as electrical contacts to
the bride and are placed on the circuit board of PPMS, as shown in Figure 2.4 (b). Great care is
taken to make electrical connection of the wires coming from the bridge to the board, using silver
paint.
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(a)

(b)

Figure 3.4: (a) Schematic diagram of a four-probe circuit and (b) bridges prepared for fourprobe measurement. External probes are for current transport, and inner probes are for
voltage measurement.
3.2

Preparing a single crystal
Single crystals of YBCO are grown using the self-flux method [83]. Powders of BaCO3, CuO,

and Y2O3 are weighed using precision balance and the mixed with a Y: Ba: Cu molar ratio of
5:27:68. 9.3 gm of the mixture is made 0.4645 gm of Y2O3, 4.3843 gm of BaCO3, and 4.4510 g of
CuO. The mixture is then ground with an agate mortar and pestle until a uniform powder of this
mixture is obtained. The powder is then shaped into a pellet by pressing it with a hydraulic press.
The pellet is then placed in the gold crucible. The crucible is put into a programmable box furnace
and heated from room temperature to a maximum temperature of 983oC in steps and then slowly
cooled at the rate of 1o C/hour to 866o C and then slowly cooled to the room temperature. The
thermal program used is shown in Figure 3.5.
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Figure 3.5: Temperature program for the growth of single-crystal of YBCO in gold crucibles.
The process to grow crystal takes about a week. When the program ends, the crucible is
pulled out of the furnace, and crystals can be extracted from the crucible. Great care is taken
when extracting the crystal not to break them or make a scratch on them. Crystals are cleaned
using acetone to remove any remaining flux.
Finally, to achieve a higher critical temperature, crystals are annealed in an oxygen
atmosphere. To anneal, the crystals are placed in small quartz crucibles that sit in the center of a
tube furnace. Oxygen is passed through the ends of the tube continuously. The temperature is
raised at 420o C for about a week and slowly cooled to room temperature. The heating scheme
is shown in Figure 3.5.
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Figure 3.6: Annealing scheme for oxygenation on extracted single crystal for optimizing critical
temperature by ramping up to 420o C at the rate of 0.83o C/min for almost a week and then
cooling down slowly at the rate of 0.067o C/min to room temperature.

44

CHAPTER 4
EFFECT OF COPPER IRRADIATION AND POST-IRRADIATION ANNEALING ON YBCO COATED
CONDUCTOR
4.1

Introduction
In this study, the effect of 50 MeV copper ions irradiation on YBCO coated conductor with

BZO nanorods as pre-existing defects are studied. In our previous study, we provided evidence
that Jc can be enhanced by irradiation of the YBCO coated conductor using 3.5 MeV oxygen ions
[65]. Using oxygen, the irradiation time was reduced drastically to a fraction of a second as
compared to 4.0 MeV proton irradiation [64], which took to hours. Therefore, irradiation using
oxygen could be a feasible method for industrial reel to reel processing of YBCO coated
conductors. Since copper is heavier than oxygen, it makes it a good candidate to further reduce
the irradiation time, making reel to reel processing of YBCO conductors even faster. Furthermore,
it is believed that mixed pinning landscape arising from the superposition of the irradiationinduced defects, which are typically about 5 nm in size, and pre-existing defects, is an effective
way for vortex pinning in coated conductors in high fields [44], [64], [65], [84]–[87]. It is difficult
to obtain pinning centers (defects) of 5 nm size by chemical synthesis. However, using particle
irradiation, defects of ~5 nm size can be created, and irradiation-induced defects are highly
uniform as well [66].
Post-irradiation annealing in an oxygen atmosphere is also conducted to study the
stability of the irradiation-induced defects. Defect annihilation can occur if the defects recombine
within an effective diffusion range X = D (T )ta , where D(T) is the temperature-dependent
diffusion coefficient, and ta is the annealing time [88]. Annealing at a temperature of a few
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hundred degrees Celsius is used to mobilize the smaller point defects [84], which defuses faster
than the larger few nanometer-sized defects. One drawback of irradiation is that the Tc is
suppressed. Post-irradiation annealing at the temperature of 150oC in the oxygen atmosphere is
explored to recover Tc and thus to improve the defect distribution.

4.2

Method
The samples are irradiated with 50 MeV Cu ions using a 6.0 MV tandem Van de Graaff

accelerator at Western Michigan University with beam oriented the along c-axis of the sample.
Figure 4.1 schematic arrangement of the irradiation set up.

Figure 4.1: Ion beam irradiation setup. The beam is passed through a mesh with an 80%
transmission rate to the sample, which is placed on the movable sample stage. The number of
particles hitting the sample is monitored by the current digitizer and counter connected with
the mesh.
A 4.0 mm circular aperture was used to collimate the beam, which then passes through a
tungsten mesh with 80% transmission. The tungsten mesh is isolated from the ground, and the
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current can be measured by a current integrator. A downstream faraday cup is installed to
optimize the beam current, and a correction factor is obtained by dividing the beam current with
the current on the tungsten mesh. The sample to be irradiated is mounted on a LabVIEW
controlled XY stage and inserted in the beam path. The movable XY sample stage ensures uniform
irradiation over the entire sample. The sample holder was cooled by a cryocooler to prevent
excessive heating of the sample by the incident beam. The total accumulated charge on the
sample was measured using a current integrator connected to the mesh and correction factor.
SRIM simulation is used to calculate the doses required for the irradiation for a 50 MeV
copper beam. Samples are irradiated with the doses 0.05 x 1012 , 0.5 x 1012, 0.75 x 1012, 1.0 x 1012,
1.5 x 1012, 2.0 x 1012, 2.5 x 1012 ions/cm2.The critical current density Jc was determined from the
magnetization hysteresis measured with SQUID magnetometer at Argonne national laboratory.
Four samples, irradiated with doses of 1.0 x 1012, 1.5 x 1012, 2.0 x 1012, 2.5 x 1012 ions/cm2,
are annealed using a tube furnace with flowing oxygen gas at temperature 150 o C. The furnace
was ramped up at the rate of 20o C min-1 to 150o C, and a dwell time of 30 mins was used,
following which furnace was cooled down at a rate of approximately 25o C min-1, as discussed in
chapter 2. Post annealing magnetization measurements are performed using the SQUID
magnetometer to determine the Jc and Tc.

4.3

Result and discussion

4.3.1 Effects of ion beam irradiation dose on Jc
The effects of irradiation on BZO nanorods incorporated YBCO coated conductors at 5 K
is given in Figure 4.2. We observe suppression of Jc after irradiation for all doses, except for 0.5 x
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1012 ions/cm2. A slight improvement of Jc for the sample irradiated with 0.5 x 1012 ions/cm2 dose
was observed, and the ratio of Jc-irradiated to Jc-pristine is more than 1 in high fields above 5
Tesla. The ratio of Jc-irradiated to Jc-pristine reaches to the maximum value of 1.04 at 7 Tesla.
However, in low fields (<5 T), this ratio goes less than 1, which means there is a suppression of Jc.

Jc-irradiated/Jc-pristine

1

0.75
Doses
2.5 x 10^12
2.0 x 10^12
1.5 x 10^12
1.0 x 10^12
0.75 x 10^12
0.5 x 10^12

0.5

0.25
2.5

5

7.5

10

Field (Tesla)

Figure 4.2: Effects of irradiation on Jc in samples irradiated at different doses at 5 K. Vertical axis
is the ratio of Jc of irradiated to the Jc of the pristine example.
While 3.5 MeV oxygen irradiation produced a substantial enhancement in Jc [65], we were
expecting the same, if not more, enhancement of Jc for the conductors irradiated with copper.
The difference in the two studies was the micro-structure of coated conductors. Tapes
manufactured by American superconductor (AMSC), which contains spherical shaped nanoprecipitates as a pre-existing defect, were used to study the irradiation-induced enhancement in
Jc using an oxygen beam. However, in this study, the tapes obtained from SuperPower Inc., which
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contains mainly vertically oriented BZO nanorods as pre-existing defects, were used. The initial
values of the critical current density of a standard SuperPower wire of 4 mm width at 77 K in selffield and the critical current value of 80 A is 25000 A/cm2 [89]. The critical current density of
AMSC wire of 4.8 mm width at 77K in the self field and critical current of value 80 A is 8700 A/cm2
[90]. The initial higher value of Jc in SuperPower tapes might be the reason for not getting
significant Jc enhancement after irradiation. SuperPower Inc.’s wire might be already saturated,
and irradiation-induced pinning centers do not contribute to the Jc enhancement.
The Jc measurements of copper irradiated tapes were also carried out at 27 K, 45 K, and
77 K temperature. However, suppression of Jc is observed in all of the irradiated samples. Since
we observed a slight enhancement in Jc at high filed for the sample irradiated at 0.5 x 1012
ions/cm2 dose at 5 K, therefore, it is obvious that at higher temperatures, enhancement in Jc
could not be achieved. It has been suggested that the reduction of Jc at low fields and high
temperatures imply a competition between the pre-existing and irradiation-induced defects[88],
which seems to be happening in our case as well.
Since we achieved slight Jc enhancement in the sample irradiated with 0.5 x 1012 ions/cm2
dose, we tried 0.05 x 1012 ions/cm2, which is the lowest possible dose that is permissible for our
experimental setup. However, no enhancement is observed, even at low temperatures and high
fields. There is a suppression of Jc throughout the field range for all temperatures for this dose.
Figure 4.3 shows the irradiation effect on Jc for the sample irradiated with doses of 0.05 x 1012
ions/cm2(left) and 0.5 x 1012 ions/cm2 doses (right). Different initial values of Jc is because of
different samples used for irradiation. It is observed that suppression of Jc at low fields is
proportional to the dose. The higher the dose, the higher the suppression of Jc in low fields.
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Figure 4.3: Effect of doses effect on Jc for the doses of 0.05 x 1012 ions/cm2(left) and 0.5 x 1012
ions/cm2 doses (right).
Due to the busy equipment scheduling issues at ANL, no further irradiation was carried
out; however, we believe that the optimal dose for maximum Jc enhancement lies somewhere
between 0.05 x 1012 ions/cm2 and 0.5 x 1012 ions/cm2.
4.3.2 Effects of ion beam irradiation on Tc
Figure 4.4 shows the effects of particle irradiation on Tc at different doses. For the sample
irradiated with the highest dose (2.5 x 1012 ions/cm2), Tc decreased by more than 10 K. However,
for the samples irradiated with 0.5 x 1012 ions/cm2dose, Tc decreased only by 3K.
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Figure 4.4: Effect of irradiation on Tc in samples that are irradiated with different doses, from
2.5 x 1012 ions/cm2 on the left-top to 0.5 x 1012 ions/cm2 on right-bottom.
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It is observed that the suppression of Tc is proportional to the irradiation dose. The higher
the dose, the higher is the decrease in Tc. Since ion irradiation produces a large number of point
defects, which increases the effective scattering of electrons; as a result, Tc is decreased. For the
sample irradiated with 0.05 x 1012 ions/cm2 dose (minimum dose), there is almost no change in
Tc, as shown in Figure 4.5.
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Figure 4.5: Magnetic moment as a function of temperature in an applied of 20 Oe before and
after irradiation by Cu-ions with the dose of 0.05 x 1012 ions/cm2.

4.3.3 Effects of annealing of irradiated sample on Jc
Since irradiation of a material induces a large number of point defects, which are
responsible for the decrease in Tc of the sample, we tried to anneal out these defects.
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Figure 4.6: Effects of annealing at 150o C for 30 minutes on Jc in four samples, which are
irradiated with different doses. The vertical axis is critical current density Jc, and the x-axis is the
magnetic field in a log-log scale
Figure 4.6 shows the effect of post-irradiation annealing, in oxygen atmosphere, carried
out for the four samples, irradiated with 2.5 x 1012, 2.0 x 1012, 1.5 x 1012, 1.0 x 1012 ions/cm2
doses. Annealing has recovered Jc by a significant amount for all the samples. For the dose of 2.5
x 1012 ions/cm2, irradiation suppressed Jc from about 8 X108 A/cm2 to about 107 A/cm2. Annealing
recovered Jc from 107 A/cm2 to 2x107 A/cm2. Annealing on other samples with doses 2.0 x 10 12,
1.5 x 1012, 1.0 x 1012 ions/cm2 shows that the amount of recovery in Jc is roughly proportional to
the irradiation dose
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4.3.4 Effects of annealing on Tc
With annealing, not only Jc, but Tc was recovered as well by significant value, as shown in
Figure 4.7.
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Figure 4.7 Effects of annealing on Tc samples. Black means pristine, whereas red represents
irradiated, and blue represents annealed data.
A possible explanation of improvement in Tc could be that annealing got rid of some of
the point defects; as a result, there is an improvement of Tc after annealing. Annealing at 150o C
for about 30 minutes, Tc improved by 2-4 degrees in all four samples. To get rid of more point
defects, annealing at higher temperatures, 200o C, 250o C, 300o C, 350o C, or more, is required,
which could be the subject of further study.

4.4

Conclusion
YBCO coated conductors containing barium zirconate (BZO) nanorods as pre-existing

defects are irradiated with 50 MeV copper ions with doses 0.05 x 1012, 0.5 x 1012, 0.75 x 1012, 1.0
54

x 1012, 1.5 x 1012, 2.0 x 1012, 2.5 x 1012 ions/cm2. Moderate enhancement of Jc at 5 K with a dose
of 0.5 x 1012 ions/cm2, was observed in high fields (> 5 Tesla). However, there is a suppression of
Jc for other doses at 5K and higher temperatures. Post-irradiation annealing at 150o C for
annealing time of 30 minutes has recovered not only Tc, which is expected, but also Jc by a
significant amount, which is an interesting result.
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CHAPTER 5
EFFECT OF IRRADIATION INCIDENT ANGLE ON Jc and Tc OF YBCO COATED CONDUCTORS
5.1

Introduction
A unique aspect of particle irradiation is the ability to combine different irradiation-

induced defects to an existing defect structure. The net pinning effect from the mixed pinning
landscape created by the various irradiation-induced defects and the pre-existing defects is not
completely understood at present, since pinning forces are not always additive [91]. However,
the anisotropy of the pinning defect and the resulting critical current density gives a way of
separating pinning contributions [91]. This is because correlated oriented defects are the most
effective pinning sites when the magnetic field is aligned to the parallel to the orientation of the
defect. Such defects can trap individual vortices through their entire length.
The advantage of particle irradiation is that changing the incident angle of irradiation
provides another method of inducing oriented correlated columnar defects in the
superconducting material. In this work, the angle of incidence during ion irradiation is
implemented as an additional parameter for optimizing vortex pinning structures that have not
been investigated in length. Irradiations at 0o, 15o, and 30o with respect to the c-axis of the sample
are carried out, and pre and post irradiated samples are characterized by SQUID magnetization
data.

5.2

Method
Copper ions irradiation at 0o, 15o, and 30o angles are performed, as shown in Figure 5.1.

The accelerator facility at Western Michigan University has the setup to perform irradiation at
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different angles with the help of a big dial on the top of the sample stage, as shown in the method
section of Chapter 4, which rotates the whole sample holder making an angle with the direction
of the incoming beam.

B
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Figure 5.1: Diagrams showing the crystal plane and different beam directions, 00,150, and 300.
SRIM simulations are carried out for different angles of irradiation at 50 MeV copper ions.
The vacancies created by copper ions irradiated at angles 00, 150, 300, and 450 are shown in Figure
5.2.
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Figure 5.2: Vacancies created by 50 MeV copper ions at angles 00, 150, 300, and 450.

57

The defect density was integrated over the depth of the YBCO layer to find the total
number of defects. These calculations are performed for each angle of irradiation to determine
the total number of defects created. The area under the curve gives the total number of defects,
which can be calculated using the Origin Lab graphing tool [78], as shown in Figure 5.3.
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Figure 5.3: The area under the curve corresponds to the total number of vacancies and was
determined using Origin Lab software. For example, the grey area gives the sum of vacancies in
the YBCO layer per ion for 50 MeV Copper ion with an irradiation angle of 0 0.
The grey area under the curve for 50 MeV ions at 00 irradiation gives the total number of
defects in the YBCO layer created by 50 MeV copper irradiated at angle 00. In the same way, total
defects for other energy and angles of irradiation are found, as shown in Table 5.1.
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Table 5.1: Total number of vacancies per ion for different energies of copper ions at different
angles.
Energy

0 Degree

15

30

Degree
25
30
35
40
45
50
55

3210.08
2635.92
2194.2
1780.69
1556.34
1301.79
1171.03

Degree
3646.92
2808.11
2282.16
1907.76
1604.07
1449.21
1262.44

45
Degree

4716.87
3625.13
2917.8
2393.32
2054.28
1800.21
1510.86

8809.58
6647.69
5133.57
4120.07
3272.25
2759.82
2385.27

Figure 5.4 shows the number of created defects in the YBCO layer as a function of copper
ion energy for different angles of irradiation. As expected, the calculations show that more
vacancies are created for irradiation at higher angles because of the larger effective path length
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9500
9000
8500
8000
7500
7000
6500
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000

Angles
0o
15o
30o
45o

25

30

35

40
Energy

45

50

55

Figure5.4: Vacancies in YBCO as a function of energy at different angles, 00, 150, 300, and 450, of
irradiation.
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Irradiation doses are adjusted to result in the same number of defects in the YBCO layer
for all angles of irradiation. Irradiations at 0o, 15o, and 30o with 50 MeV Cu are carried out at doses
of 2.1x1012 ions/cm2,1.9x1012 ions/cm2, and 1.4x1012 ions/cm2, respectively to obtain the same
number of defects as predicted by SRIM simulations. The samples are characterized before and
after irradiation using SQUID magnetization data.

5.3

Result and discussion
Figure 5.5 shows the results of the magnetization hysteresis loops at 5K for samples

irradiated with beam incidence angles of 0o, 15o, and 30o relative to the c-axis. All the samples
show suppression of ∆m at low fields. However, the sample irradiated at 30o shows enhancement
in high fields. No enhancement in ∆m at the high fields was observed for 15o irradiated sample,
and the sample irradiated at 0o shows suppression of ∆m at all fields compared to the pristine
sample.
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Figure 5.5: The magnetic moment is shown as a function of the field. The measurements are
taken at 5K for the samples irradiated with 50 MeV Cu for three different orientations of the
beam with respect to the c-axis.

There is a trend emerging from the high field data that indicates that for the same number
of defects created by the Cu irradiation, the larger the incident angle of the beam, the larger the
critical current density.
Figure 5.6 shows that Jc is enhanced at low temperatures and high magnetic fields due to
50 MeV Cu irradiation at a 300 angle with a c-axis. This study also finds a suppression in Jc at low
fields. Whether the suppression of Jc in lower fields can be avoided by finding an optimal dose is
a very compelling aspect for future studies. There is no enhancement of Jc at 77 K, which is also
similar to results reported in the case of proton [64] and oxygen[65] irradiations on high
temperature coated conductors.
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Figure 5.6: The critical current density is shown as a function of the field at different
temperatures for 300 angles of irradiation with respect to the c-axis. The solid represents a
pristine sample, and the hollow represents an irradiated sample.

These results show that the angle of incidence during ion irradiation is an additional
parameter for optimizing vortex pinning structures that have not been investigated yet. The
mechanisms underlying the enhancement in pinning at high angles of incidence are currently not
understood. Further studies such as detailed angular dependent critical current measurements,
the three-dimensional reconstruction of the actual defect structure using transmission electron
microscopy [92] in conjunction with modeling of the pinning force will be required for their
clarification [91].
The superconducting critical temperature (Tc) for different irradiation angles is shown in
Figure 5.7. Although irradiation decreases the overall critical temperature of the coated
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conductors, we find the smallest decrease for the 30o irradiated sample with a dose of 1.4x1012
ions/cm2. For 0o with doses of 2.1x1012 ions/cm2, Tc decreased below 75 K.
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Figure 5.7: Magnetic moment as a function of temperature for different orientations of
irradiation by 50 MeV Cu beam, 0o, 15o, and 30o, with respect to the c-axis, with the doses of
2.1x1012 ions/cm2,1.9x1012 ions/cm2, and 1.4x1012 ions/cm2, respectively
5.4

Conclusion
In conclusion, YBCO coated conductors containing barium zirconate (BZO) nanorods as

pre-existing defects are irradiated with 50 MeV copper ions at angles of 0o, 15o, and 30o from the
crystallographic c-axis. Moderate enhancement of Jc at 5 K at high fields (>2 Tesla), only in the
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sample irradiated at 30o, and suppression in Tc for all the irradiated samples was observed. Ion
beam doses were selected using SRIM damage calculations, and our conclusion is based upon
these results. However, SRIM, based upon Monte Carlo simulation, takes into account number
approximations and assumes the crystal structure of the target to isotropic. Since YBCO is highly
anisotropic, therefore our damage calculation using SRIM could be off. Nevertheless, the angle
of incidence provides an additional parameter for optimizing vortex pinning in high temperature
coated conductors.
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CHAPTER 6
OXYGEN IRRADIATION OF YBCO COATED CONDUCTOR AND YBCO SINGLE CRYSTAL
6.1

Introduction
In contrast to coated conductors, YBCO single crystals do not have additional pinning sites

such as nanorods and nano precipitates. However, single crystals contain other natural defects,
such as twin boundaries and dislocations. Therefore, in comparison to coated conductors, the
initial Jc of single crystals YBCO is far less. However, irradiation of a single crystal with rather low
initial pinning generally yields substantial enhancements of Jc over wide ranges in magnetic field
and temperature [68].
Suppression of Tc of YBCO crystals arises after particle irradiation. It has been observed
that the Tc of coated conductors is much more resilient to particle irradiation [64]. It is believed
that the point defects that are scattering centers migrate towards the pre-existing defects in
coated conductors, but in the single crystals, they remain in the YBCO matrix. In this study, the
effect of 12.0 MeV oxygen ion irradiation with 1 x 1013 ions/cm2 dose on YBCO single crystal and
coated conductor is carried out and compared.

6.2

Method
Both single crystal and coated conductors are characterized by DC magnetization

measurements using ACMS-II setup in the PPMS at Western Michigan University. Samples are
characterized by magnetization data, M-H curves, at 5 K, 27 K, 45 K, and 77 K for applied field
from -14 T to 14 T.
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In order to achieve uniform irradiation over the sample surface and to eliminate hot-spots
in the particle beam, the beam is typically diffused by passing it through a Ni-foil with a nominal
thickness of 0.75 µm. As ions travel through a material, the ion charge follows the equilibrium
charge fraction distribution that depends on the ion energy and the target material. To obtain
the average charge state, a downstream Faraday cup of the chamber is used directly to measure
the average ion charge after passage through Ni foil. Moreover, the energy needs to be corrected
for the energy loss in the foil as well. A schematic for the experimental irradiation setup and the
chamber picture is given in Figure 6.1.
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Figure 6.1: (a) Schematic experimental setup for average charge state measurement. The
oxygen beam passes through the Nickel foil and changes their charge state through interaction
with Ni atoms. (b) Experimental chamber showing the positioning of Ni foil, collimator, and
sample holder.
The O3+ ions enter the sample chamber and hit the Ni foil. Right after the foil, the
scattered ions go into a faraday cup, which is isolated from the chamber. The scattered oxygen
ions fly into the cup and deliver their charge, which can be measured as an electric current IFC
with a meter. The average charge state through the Ni foil is then obtained by the taking ratio of
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the current obtained with the foil to the current without the foil. The ratio is then multiplied with
3, which is the charge state of the oxygen beam coming from the accelerator.
<q>=

IFC-with foil
IFC-without foil

.3

Oxygen irradiation of the samples was carried out using a 15.0 MeV O3+ beam. The energy
loss of the oxygen beam through the foil is calculated to be 3.0 MeV, and the remaining 12.0 MeV
is bombarded on the sample. Once the equilibrium charge state of the oxygen ions is determined,
the sample chamber is set up, as shown in Figure 6.2 for irradiation. The size of the beam is
collimated using a 7 mm diameter collimator, which is placed after the Ni foil. This setup enables
a circular shaped beam that covers the whole sample.

Foil
3+

O

Faraday cup
Collimator

Figure 6.2: Schematic setup for oxygen irradiation. The oxygen beam goes through the foil and
the collimator to the target sample.
6.3

Result and discussion

6.3.1 Effect of oxygen irradiation on YBCO single crystals
The transition curve shown in Figure 6.3 is obtained by cooling the sample in zero fields
to 70 K, and then the magnetic field of 20 Oe was applied. The magnet moment is measured as
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the temperature is increased, and the onset of the transition (Tc ) is measured. From the
transition curve, shown in Figure 6.3, we observed almost no change in superconducting
transition onset temperature before and after irradiation of the YBCO single crystal. However,
the transition shape changed. The thickness of the single crystal was about 0.5 mm, and 12.0
MeV oxygen beam stops at 4.5 µm below the surface. Since most of the YBCO single crystal is not
irradiated, therefore, the un-irradiated portion of the crystal has remained pristine. Therefore,
the onset of the transition shown in the figure for pristine and irradiated YBCO crystal does not
change. However, the irradiated portion of the crystal contributes to the change in the shape of
transition.
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Figure 6.3: Effect on Tc due to oxygen irradiation in a single crystal with 12 MeV Oxygen ion with
a dose of 1013 O/cm2.
Figure 6.4 shows M-H loops of pristine and irradiated YBCO single crystal at 5K, 27K, 45K,
and 77K temperatures. The most significant feature is the enhancement of the irreversible
magnetization by irradiation. Even though only 1% of the sample is irradiated and the rest of the
sample remained unirradiated, significant enhancement of magnetization is observed. For all
temperatures and fields, there is an enhancement of ∆m at low fields. At high fields, the
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enhancement is throughout the field range at 5 K; however, at 27 K and 45 K, we observe no
enhancement. In fact, at 45 K, there is a slight suppression of ∆m at the field above 8 Tesla.
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Figure 6.4: Effect on magnetization due to oxygen irradiation in a single crystal at different
temperatures, from 5 K on left-top to 77 K on right-bottom.
Similarly, for 77 K, there is an enhancement at low fields below 2 T and no enhancement
above 2T. A possible reason for this result could be that oxygen irradiation-induced defects are
able to effectively pin vortices at low fields. However, when the number of vortices increases
with an increase in an applied field, irradiation-induced defects are quite not enough in numbers
to pin all the vortices effectively.
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6.3.2 Effect of oxygen irradiation on YBCO coated conductor
Figure 6.5 shows the effect of irradiation on the Tc of a coated conductor. As opposed to
YBCO single crystals, the YBCO layer in the coated conductor is thin; therefore, the incident beam
passes through the layer, creating almost uniform defect density. The Tc curve revealed that after
oxygen irradiation, the onset of the superconducting transition for coated conductor changed by
2 K. The suppression of Tc in coated conductors suggests that defects induced by irradiation have
a detrimental effect. Irradiation induces a large number of point defects, which act as scattering
centers, thus reducing Tc. Our results are in agreement with an irradiation study of coated
conductors manufactured by SuperPower Inc., where it is observed that the Tc decreases abruptly
with heavier ions irradiation even at relatively lower doses. Irradiation with 107 MeV Kr ions [93]
with the dose above 8x1011 ions/cm2 reported decreasing Tc abruptly from about 90K to about
84 K. Further dosing the sample with the dose of 5x 1012 ions/cm2 transformed the material to
non-superconducting.
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Figure 6.5: Effect on Tc due to oxygen irradiation in a coated conductor with 12 MeV Oxygen ion
with a dose of 1013 O/cm2.
Figure 5.6 shows the M-H loop of the YBCO coated conductor at 5K, 27K, 45K, and 77K
temperatures. No significant enhancement in ∆m is observed in all of them. If we compare this
result with the effect on the single crystal by oxygen irradiation with the same dose of 1013 O/cm2,
it is observed that unlike in single crystal, oxygen irradiation-induced pinning centers with this
dose does not contribute to further pinning enhancement in coated conductor made by
SuperPower Inc. The reason could be that the coated conductor already has preexisting defects
that act as strong pinning centers. It could also be a possibility that vertically oriented BZO
nanorods in coated conductors act as sinks for radiation-induced defects.
There is a huge difference in the ∆m, of pristine in YBCO single crystal and coated
conductors. Initial ∆m at 5K for single crystal is (2x 0.05 emu); however, for coated conductor ∆m
at the same temperature is (2x0.3 emu). It shows that before irradiation, coated
conductors have almost six times greater flux pinning strength than that of single crystal at 5 K.
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For higher temperatures, the difference in pinning strength is even greater. From this
observation, it can be suggested that because of low initial vortex pinning strength in single
crystal, irradiation-induced pinning centers have a significant effect on the enhancement of ∆m.
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Figure 6.6: Effect on magnetization due to oxygen irradiation in YBCO tape at different
temperatures, from 5 K on left-top to 77 K on right-bottom.
At 5 K, oxygen irradiation in the coated conductor shows a slight enhancement of ∆m in
high fields (>3 Tesla). At low fields, vortices are assumed to be strongly pinned, and irradiation72

induced defects do not contribute to additional vortex pinning. With increasing field, the
irradiation-induced defects may effectively pin interstitial vortices accounting for the observed
enhancement of ∆m in the high field [65].

6.4

Conclusion
In conclusion, 12.0 MeV oxygen irradiation with a dose of 1 x 1013 O-ions/cm2

demonstrated a significant enhancement in the magnetization in YBCO single crystal even though
only 1% of the sample is irradiated. However, in the YBCO coated conductor, no significant
enhancement is found. Coated conductors already have BZO nano-rods as pre-existing defects,
and the addition of irradiation-induced defects seems to be not adding any more enhancement.
With the experimental setup like we used for this experiment, possibilities are open for trying
higher doses to optimize the defect landscape for vortex pinning enhancements in YBCO single
crystals and coated conductors.
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CHAPTER 7
TRANSPORT STUDIES OF YBCO COATED CONDUCTOR AND THE EFFECT OF OXYGEN
IRRADIATION
7.1

Introduction
In this research work, the resistive transition of the YBCO coated conductor from normal

to the superconducting state is measured and studied. The temperature dependence of the
resistance is used to obtain the irreversibility field. The resistively determined irreversibility field
lines Hirr(T) of a coated conductor is associated with the vortex liquid to solid transition. The result
of this study is expected to show the dependence of Hirr(T) on anisotropy. Furthermore, the
angular dependence of resistance in the presence of a magnetic field is explored using the sample
rotation stage of PPMS.
The angular and temperature dependence of resistance in the presence of the magnetic
field yields important information on vortex pinning. Intrinsic anisotropy is caused by the crystal
structure of YBCO contributes to the angular dependence of resistance. Anisotropic pinning sites
such as irradiation tracks, self-assembled BZO nano-rods, or stacking faults [48], [94]–[96], also
contribute to anisotropy. Our angular dependence studies will try to identify isotropic and
anisotropic contributions of the irradiation-induced pinning forces. In particular, additional
features in the angular dependence that would appear upon particle irradiation would identify
anisotropic pinning by collision cascades.
The YBCO coated-conductor samples are patterned into micro-bridges of about 160 µm
in width, as discussed in chapter 2, with widths small enough in order to reduce the absolute
critical current to manageable values, ∼100 mA. The angular and temperature dependence of
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resistance under the presence of an applied magnetic field is explored. The I-V characteristic
curves are used to obtain the critical, Ic. The field and temperature dependence of the critical
current are studied. Furthermore, the YBCO coated conductor bridge sample is irradiated by 12.0
MeV oxygen with a dose of 1 x 1013 O-ions/cm2 and Resistance Vs. Temperature (R Vs. T) and I-V
characteristics are compared with the unirradiated sample’s data.

7.2

Method
A horizontal rotator probe option of PPMS, described in detail in Chapter 2, is used for

transport measurements. Resistance Vs. Temperature (R Vs. T) graphs are obtained by ramping
the temperature down at a constant rate while measuring the voltage across the superconductor
resulting from a current of 2.5 mA in the presence of fixed magnetic fields. Fixed fields were
incremented by 1 T starting from 1 T to 14 T. The two sets of data are taken, one with field parallel
and another with the field perpendicular to the c-axis of the sample, as shown in Figure 7.1.

Figure 7.1: The step-up used to obtain resistance with field parallel (H||c) and perpendicular
(H||ab) to c-axis.

75

For Resistance Vs. Angle (R Vs. θ) measurements, the resistance of the material is
measured at a fixed temperature by changing the angle θ between the applied field and the caxis of the sample in different fields. The magnetic field H is rotated in a plane perpendicular to
the current such that the Lorentz force is always at its maximum value, as shown in Figure 7.2.
The angular dependence of resistance tells about the anisotropy of the material.

Figure 7.2: The magnetic field H is rotated in a plane perpendicular to the current such that the
Lorentz force on vortices is always at its maximum value.
For the consistent data sets, each measurement at a fixed temperature is taken after a
delay time of 6 min. As an example, for data measurement at the temperature of 83.74, after a
delay time of 6 min, the temperature distribution, shown in Figure 7.3, was the actual readout
on PPMS, and PPMS is at temperature 83.74 K as mean with a standard deviation 0.008 K.
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Figure 7.3: Variation in temperature at temperature 83.74 K as mean with a standard deviation
of 0.008 K.
The data for irreversibility lines (IL) is obtained from resistance versus temperature (R Vs.
T) graphs within the temperature range of 70 K to 100 K and magnetic field starting from 1 T to
14.T.
IV curves are used to determine the critical current, Ic; the current was ramped up during
the measurement as the current starts from zero, goes to a maximum of 100 mA in one direction,
then comes back to Zero, goes to 100 mA in another direction then comes back to Zero. The
voltage criterion of around 15μV or electric ﬁeld criterion of 100μVcm−1 is used. Using the
criterion, Ic was determined from the smooth curve obtained by FFT smoothing in Origin Lab, as
shown in Figure 7.4. I-V curves were obtained for pristine and 12.0 MeV oxygen irradiated with
a dose of 1 x 1013 ions/cm2 YBCO coated conductor bridge.
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Figure 7.4: Determination of critical current, Ic, using a voltage criterion 15μV.
7.3

Result and discussion

7.3.1 Resistance vs. temperature
Figure 7.5 shows the resistive transition of the unirradiated YBCO coated conductor
bridge with applied field parallel and perpendicular to the c-axis, varying from 1 T to 14 T. We
observed a slight broadening in the superconducting transition and the transition temperature
shifts to lower values with increasing field. The shift of transition temperature with the increasing
field is relatively higher when the magnetic field is applied parallel to the c-axis (H||c) than when
it is applied parallel to the ab-plane (H||ab). The transition temperature is shifted by 14 K for the
applied field ranging from 1 T to 14 T parallel to the c-axis; however, with field parallel to the abplane, this shift was 6.0 K for the same applied field range. This is because of the anisotropy of
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the material since the coherence lengths along the c-axis and ab-planes are different. It is
reported that for YBCO at T=0K, 𝜉𝑎𝑏 (H||C) = 1.6 nm and 𝜉𝑐 (H||ab) = 0.24 nm [27].
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Figure 7.5: Resistance in the applied Magnetic Fields for H || c (left) and H || ab (right) for a
YBCO coated conductor bridge for H=1-14T.
For pre and post oxygen irradiated samples, with H||c and H|| ab, the resistive transition
is smooth. However, for post irradiated sample with H||c at 1 T and H||ab at low fields (1T and
2 T), there is an appearance of kinks, encircled in Figure 7.6. These kinks might suggest some sort
of motion of the magnetic flux vortices after irradiation at low fields. At low fields, there is a
fewer number of vortices, and the irradiation-induced defects could have facilitated the hopping
of vortices from one pinning site to another pinning site that leads to an appearance of kinks in
the resistive transition at low fields. At higher fields, not shown in Figure 7.6, kinks are not
observed.
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Figure 7.6: Resistance in the applied Magnetic Fields for H || c (left) and H || ab (right) for a
YBCO coated conductor bridge for H=1 (top) -14T (bottom). Solid dots represent pristine data,
and the hollow box represents irradiated data.
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7.3.2 Irreversibility line
The irreversibility line explained in chapter 1 is obtained for resistance vs. temperature (R
Vs. T) graphs, as shown in Figure 7.7. The Hirr line shifted to much higher temperatures when the
orientation of the magnetic field is changed from H||c to H||ab. Irreversibility lines show similar
patterns both before and after the irradiation of the sample. However, they are shifted to lower
temperatures after irradiation, which suggests that there is a suppression in flux pinning strength
of the material after oxygen irradiation.
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Figure 7.7: Irreversibility Lines as determined from R vs. T graphs for H II c and H || ab. Blue
represents data of the pristine sample, and red represents data of the irradiated sample.
7.3.3 Angular dependence of resistance
The angular dependence of resistance, R(θ), where θ is the angle between H and the caxis, is a smooth function of θ, with a maximum R when H||c and a minimum with H || ab. R(θ)
graphs are obtained for different fields, but the pattern is the same in all of them. As an example,
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the R(θ) graph at the applied field, H= 7 T, is shown in Figure 7.8. The sample is tilted from - 90o
(|| to ab-plane) to 0o (|| to c-axis) and again form 0o to 90o, for temperatures from 81.00 K to
86.00 K in steps with an increment of 0.5 K. The R(θ) data shows a dip in the resistance at about
10 degrees from the surface normal also the resistance peaks are anisotropic. The possible
explanation for this observation is the presence of the correlated pinning centers in the form of
BZO nanorods, which are not aligned with the main crystallographic direction. Our data and
conclusion are in line with the study of the angular dependence of the critical current density,
Jc(θ), of coated conductor manufactured by SuperPower Inc., where they also show the presence
of anisotropic peaks in the Jc(θ) curve [97].
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Figure 7.8: Angular dependence of resistance in YBCO coated conductor at 7 Tesla at different
temperatures from 86.00 K (on the top) 81.00 K (on the bottom). Anisotropic peaks are visible.
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To find out whether the anisotropic peaks are still visible going from other directions,
measurements at 5 Tesla for temperature 83.75 K from 90o (|| to ab-plane) to 0o (|| to c-axis)
and again form 0o to -90o is also carried out. However, anisotropic peaks looked very similar form
either direction, as shown in Figure 7.9.
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Figure 7.9: Angular dependence of resistance for both directions for 5 Tesla at 83.75 K.
R(θ) measurements at 5 Tesla are carried out after oxygen irradiation as well. The
anisotropic peaks are still visible after irradiation, and the data looks very similar compared to
the unirradiated data.
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7.3.4 I-V characteristics
I-V curves for different fields are obtained, but the pattern is the same in all of them. As
an example, the I-V curves at the field, H = 5 T for applied field parallel to c-axis (H ||c), and
parallel to ab-plane (H||ab) are shown in Figure 7.11. I-V curves are obtained as the current starts
from zero, goes to a maximum of 100 mA in one direction, then comes back to Zero, goes to 100
mA in another direction, then comes back to Zero. There is an appearance of hysteresis at
temperatures above temperature 81.19 K for H ||c and above temperature 85.25 K for H ||ab.
The area of this hysteresis seems to be larger for higher temperatures, which are closer to the
transition temperature of the material. The hysteresis disappears at low temperatures when the
material is in a superconducting state. This interesting feature could be explained based on a
study carried out on superconducting MoGe nanowires of the order of a few hundred
nanometers long, with a diameter ≥ 10 nm. The hysteresis in I-V curves is reported in the
reference [98] suggests the contribution of joule heating effects, and they reported that the
strong dependence of resistance on thickness. The same can be applied in our case as our
samples are much thicker than the nanowires they tested.
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Figure 7.10: I-V curves for H||c (top) and H||ab (bottom) at 5 Tesla. The appearance of
hysteresis curves at some temperatures. jThe area of this hysteresis seems to be larger for
higher temperatures closer to transition temperature than at low temperatures.
Ic values are determined from I-V curves using the voltage criterion of 15 µV at 2T, 5T, 7T,
and 10 T of an applied field for H||c and H||ab.
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Figure 7.11: Ic obtained from I-V curves for H||c (top) and H||ab (bottom). Solid represents
pristine data, and hollow represents irradiated data.
Figure 7.12. shows the effect on critical currents after oxygen irradiation where the Ic line
has shifted to a lower temperature after irradiation for all the measurements, which suggests
that the 12.0 MeV oxygen irradiation with the dose of 1 x 1013 O/cm2 causes suppression in critical
currents in the YBCO coated conductor.
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7.4

Conclusion
Transport studies of YBCO coated conductor bridge samples containing BZO nanorods

before and after 12 MeV oxygen irradiation with the dose of 1 x 1013 O-ions/cm2are carried out.
The Resistance Vs. Temperature (R Vs. T) graph after oxygen irradiation at field 1 T and 2 T
showed kinks suggesting the possible hopping of the vortices due to competition between
irradiation-induced defects and pre-existing defects. In the resistance versus angle ( R Vs. θ)
graph, where angle means the angle between the applied magnetic field c-axis of the sample,
anisotropic peaks are visible, which suggested the presence of correlated pinning centers which
are not aligned with the crystallographic direction. Hysteresis appeared in I-V curves at
temperatures closer to transition temperature and hysteresis retained after irradiation, which
suggests that it could be due to the heating effects. Finally, Ic lines obtained from IV curves show
a slight shift towards lower temperature, which suggests that particle irradiation at the dose of
1 x 1013 O-ions/cm2 actually suppressed the critical current in the sample.
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CHAPTER 8
SUMMARY AND FUTURE WORK
In this project, we mainly investigated the use of ion-beam irradiation to enhance currentcarrying capabilities in commercially available YBCO coated conductors by SuperPower Inc. by
developing an optimal mixed pinning landscape between pre-existing defects and irradiationinduced defects induced defects. In addition, this project also contributes to the basic
understanding of the vortex pinning mechanism in YBCO single crystal as well. Cu and O were
used as irradiation ions, and the work was divided into four projects, summarized as follows.
➢

Effect of copper irradiation and post-irradiation annealing on YBCO coated conductor.
In this project, copper ions of 50 MeV energy were used to irradiate YBCO coated

conductors with doses, 0.05 x 1012 , 0.5 x 1012, 0.75 x 1012, 1.0 x 1012, 1.5 x 1012, 2.0 x 1012, 2.5 x
1012 ions/cm2. Copper being heavier than protons and oxygen was expected to create damage
with a comparatively low dose. Moreover, compared to the light ions, copper is also expected to
create some correlated defects due to collision cascades. Different doses were used to obtain
the optimal dose for Jc enhancement. A moderate enhancement of Jc is observed at 5 K
temperature for the dose of 0.5 x 1012 ions/cm2 in high fields (> 5 Tesla). Irradiation at all other
doses showed suppression of Jc. With the lowest dose, 0.05 x 1012 ions/cm2, no enhancement of
Jc is observed for the entire field range from 0 to 7 Tesla at 5 K or higher temperatures. The
conclusion is made that the optimal dose lies between 0.05 x 1012 ions/cm2 and 0.5 x 1012
ions/cm2.
After observing the suppression of Jc by copper ion irradiation, annealing is carried out to
anneal out some irradiation-induced point defects. Post-irradiation annealing at annealing
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temperature of 150o C is carried out for 30 minutes for the samples irradiated with doses 1.0 x
1012, 1.5 x 1012, 2.0 x 1012, 2.5 x 1012 ions/cm2. All these samples showed suppression in Jc after
irradiation. It is observed that the annealing recovered not only Tc, which was expected but also
Jc by a significant amount.
Future work
•

We believe that optimal dose for copper irradiation lies in between 0.05 x 1012 ions/cm2
and 0.5 x 1012 ions/cm2. To obtain the exact optimal dose, irradiation with small
increments in dose needs to be done in this dose range.

•

We observed significant recovery in Jc and Tc by post-irradiation annealing at annealing
temperature 150o C. To anneal out more point defects, annealing at higher temperatures
needs be adopted, and annealing time will be increased as well.

➢

Effect of irradiation incident angle on Jc and Tc of YBCO coated conductors.
The Incident beam angle is implemented as a new parameter for optimizing vortex

pinning. For this project, 50 MeV copper ions are used to irradiate YBCO coated conductor
samples at 0o, 15o, and 30o approximately from the c-axis. It is observed that by 30o irradiation
with a dose of 1.4x1012 ions/cm2, produced a moderate enhancement in Jc at high fields (>2
Tesla) and at 5 K temperature, while there is a suppression of Jc for other doses and
temperatures. This study suggested that at a higher angle of incident angle, irradiation with
copper contributes to the Jc enhancement in YBCO coated conductor containing BZO as preexisting defects.
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Future work
•

The exact mechanism for the enhancement in vortex pinning at a higher angle of
irradiation is not understood. So, further studies such as detailed angular dependent
critical current measurements and three-dimensional reconstruction of the actual defect
structure using TEM conjunction with modeling of the pinning forces will be required for
the clarification.

➢

Oxygen irradiation on YBCO single crystal and coated conductor
The effect of the 12 MeV oxygen irradiation with the dose of 1 x 1013 ions/cm2 on YBCO

single crystal and BZO incorporated YBCO coated conductor are compared. Substantial
enhancement in irreversible magnetization at 5 K, 27 K, 45 K, and 77 K is obtained in single
crystal, especially at low fields. However, no noticeable enhancement in magnetization is
observed in the coated conductor. It is suggested that after irradiation, because of the low initial
vortex pinning strength in single crystal, a significant effect on the magnetization enhancement
is observed after irradiation. However, in coated conductors, preexisting defects in the form BZO
nanorods offer strong initial pining, and particle irradiation-induced defects do not contribute
to additional pinning.
Future work
•

This study is carried out for a dose of 1 x 1013 ions/cm2 only. Possibilities are open for
trying different doses to optimize the defect landscape for vortex pinning enhancements
in YBCO single crystals and coated conductors.

➢

Transport studies of the YBCO coated conductor bridge and the effect of oxygen
irradiation.
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YBCO coated-conductor bridge with the width of 160 µm containing BZO nanorods is
used to carry out transport measurements. Furthermore, the sample is irradiated with 12 MeV
oxygen with a dose of 1 x 1013 ions/cm2, and the effect on resistive transition and I-V
characteristics after irradiation is compared. It is observed that after irradiation, kinks at low
fields (1 T and 2 T) are observed in the resistive transition curve. It is believed that these kinks
appeared because of the competition between pinning centers at low fields. Moreover, it is
observed that the oxygen irradiation resulted in suppression of the critical currents in the coted
conductor.
Future work
•

This study is carried out for a dose of 1 x 1013 ions/cm2 only. Possibilities are open for
other doses to optimize the defect landscape for vortex pinning enhancements coated
conductors.

•

Studies on n-values from I-V measurements can be carried out to further understand the
pinning mechanism on unirradiated and irradiated samples.
Overall, for future works in the studies mentioned above, TEM images of the material

before and after irradiation would greatly help to analyze the results. Moreover, it can be
recommended that for future work, theoretical simulation, TEM images, and magnetic and
transport measurements, all combined together would give a broader understanding of the
defects shape and vortex dynamics in a mixed pinning landscape caused by the particle
irradiation.
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